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OTX2 mutations contribute to the
otocephaly-dysgnathia complex
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Ona Faye-Petersen,10 Fe´rechte´ Encha-Razavi,11 Leopoldine Lequeux,12
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ABSTRACT
Background Otocephaly or dysgnathia complex is
characterised by mandibular hypoplasia/agenesis, ear
anomalies, microstomia, and microglossia; the molecular
basis of this developmental defect is largely unknown in
humans.
Methods and results This study reports a large family
in which two cousins with micro/anophthalmia each
gave birth to at least one child with otocephaly,
suggesting a genetic relationship between anophthalmia
and otocephaly. OTX2, a known microphthalmia locus,
was screened in this family and a frameshifting mutation
was found. The study subsequently identified in one
unrelated otocephalic patient a sporadic OTX2 mutation.
Because OTX2 mutations may not be sufficient to cause
otocephaly, the study assayed the potential of otx2 to
modify craniofacial phenotypes in the context of known
otocephaly gene suppression in vivo. It was found that
otx2 can interact genetically with pgap1, prrx1, and msx1
to exacerbate mandibular and midline defects during
zebrafish development. However, sequencing of these
loci in the OTX2-positive families did not unearth likely
pathogenic lesions, suggesting further genetic
heterogeneity and complexity.
Conclusion Identification of OTX2 involvement in
otocephaly/dysgnathia in humans, even if loss of function
mutations at this locus does not sufficiently explain the
complex anatomical defects of these patients, suggests
the requirement for a second genetic hit. Consistent with
this notion, trans suppression of otx2 and other
developmentally related genes recapitulate aspects of
the otocephaly phenotype in zebrafish. This study
highlights the combined utility of genetics and functional
approaches to dissect both the regulatory pathways that
govern craniofacial development and the genetics of this
disease group.
INTRODUCTION
Otocephaly-dysgnathia (also known as otocephaly,
agnathia-holoprosencephaly, dysgnathia complex)
(OMIM #202650) is characterised by mandibular
hypoplasia or agenesis, ventromedial auricular
malposition (melotia or synotia), microstomia, and
oroglossal hypoplasia or aglossia. The mesenchyme-
forming neural crest is affected, resulting in
abnormal derivatives of the caudal portion of the
first branchial arch.1 Additional malformations can
be associated with this condition, including, but
not limited to, failure of development of the
prosencephalon, resulting in midline defects as
severe as alobar hemispheres or cyclopia, anoph-
thalmia, microphthalmia, pituitary hypoplasia,
situs inversus, pulmonary hypoplasia, and limb
malformations.
Fewer than 150 cases have been documented,
with an incidence estimated to be 1 per 70 000
births.2 Two families have been reported with more
than one affected member.3 4 In one example of
a genomic rearrangement, Pauli et al reported two
stillborn female infants with agnathia-holopro-
sencephaly who harboured an unbalanced 46,XX,
der18,t(6;18) (pter->p24.1 or p24.2::p11.21->qter)
translocation from a parent with a balanced
translocation t(6;18) (p24.1 or p24.2; p11.21).5
Karyotypes of other cases of otocephaly described
in the literature have been normal, suggesting that
most causative lesions are either point mutations or
copy number variants that fall below detectable
thresholds for karyotype or microarray. Environ-
mental causes such as exposure to salicylates have
also been suspected contributors.6
Forward genetic screens in murine models have
identified numerous genes involved in otocephaly.
The first otocephaly locus was identified in
a screen for lethal mutations on chromosome 1,7
and the causal mutation was mapped to Pgap1
(post-glycosylphosphatidylinositol attachment to
proteins 1).8 Ueda et al subsequently generated
Pgap1 deficient mice and showed that they reca-
pitulate the otocephalic phenotype and its variable
penetrance and expressivity, since the phenotype of
mutant pups ranged in severity from a normal face
to complete lack of mouth and jaw.9 Loss of two
other murine genes has also been shown to cause
otocephaly-agnathia, in each case in a context
dependent fashion. On a C57BL/6 genetic back-
ground, loss of the twisted gastrulation gene 1
(Twsg1/) results in anomalies of the first
branchial arch leading to agnathia, as well as
forebrain abnormalities.10 Finally, chimeric Otx2
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heterozygous knockout mice also display an otocephalic
phenotype, albeit with variable penetrance and expressivity
attributable in part to genetic background.11
In humans, molecular defects leading to otocephaly are largely
unknown. Recently, missense mutations in PRRX1 (paired-
related homoeobox gene 1) were identified in two sporadic cases of
otocephaly.12 13
OTX2 mutations have been observed in patients with isolated
severe ocular and pituitary malformations.14 15 Here, we report
the identification of a deleterious mutation in OTX2 in a large
French family in which variable expressivity extends from
micro/anophthalmia to otocephaly and is inherited in a domi-
nant manner among four generations. We subsequently
performed molecular screening of OTX2 in nine additional, non-
related otocephalic cases and identified a second sibship with an
OTX2 mutation. Despite OTX2 being a known microphthalmia
locus, our data suggested that this gene might also be necessary
but not sufficient in some families with otocephaly. To dissect
this apparently complex genetic model, we suppressed otx2
during zebrafish development and determined that: (1) otx2 is
also necessary for correct mandible formation; and (2) otx2 can
interact genetically with other loci to modulate the severity of
mandibular malformations. Taken together, our data support
a causal role of OTX2 in otocephaly in humans but indicate that
other genetic factors are likely necessary for the manifestation of
the otocephalic phenotype.
SUBJECTS, MATERIALS AND METHODS
Patient samples
One family and nine sporadic otocephaly patients were included
in this study. Among the sporadic patients, four have been
reported previously elsewhere.16e19 Informed consents with
appropriate ethics review committee approvals were obtained.
DNA was extracted from blood or fresh tissue for the family,
three sporadic patients, and asymptomatic parents of an
otocephalic patient; DNAwas extracted from paraffin embedded
tissue for the remaining patients. Following DNA extraction
from paraffin embedded blocks, whole genome amplification
was performed using standard procedures (Sigma Aldrich, Lyon,
France).
Patient phenotypes
Patient descriptions including medical history, family history,
physical examinations, autopsy reports, and radiological studies
were obtained. Except for one family in which some members
display micro/anophthalmia, all patients were diagnosed as
sporadic cases of otocephaly-dysgnathia syndrome.
Complete clinical data for the family and the patient sharing
the OTX2 mutations are described in the supplementary mate-
rial. Briefly, in family A (figure 1A), 17 members display micro/
anophthalmia (supplementary figure 1) segregating with an
autosomal, dominant inheritance and sometimes associated
with a variable degree of intellectual disability (moderate to
Figure 1 Families and spectrum of
otocephaly-dysgnathia phenotypes. (A).
Pedigrees of families with phenotypic
descriptions and mutation analysis.
Otocephaly is indicated by dark
symbols. Patients with isolated
unilateral/bilateral microphthalmia and
anophthalmia are indicated by grey
symbols. Patients with an intermediate
phenotype (striped individuals in family
A) had additional features to ocular
findings including micrognathia, but did
not fulfil the criteria for otocephaly.
Index cases are shown by arrows.
Family A, IV-7 had bilateral
anophthalmia, intellectual disability, and
a heterozygous OTX2 mutation. Family
B, the proband was born to unaffected
parents +/M indicates heterozygous
presence of the familial mutation, while
+/+ represents homozygous wild type
alleles. If no genotype is indicated,
a DNA sample was not available for
testing. (B). Phenotypic spectrum of
OTX2 mutations in otocephalic and
intermediate phenotypes. In family A,
patient IV-1 displayed otocephaly
(agnathia, microstomia, and synotia),
while patient IV-3 shared micro/
anophthalmic and otocephalic
(microretrognathia, rudimentary tongue,
hypoplasia of the upper pharynx)
features. Family B proband (II-1) has
otocephaly with a tubular nose,
microstomia, agnathia, and moderately
low set ears.
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severe), three patients were diagnosed as otocephalic (figure 1A),
and one patient displayed clinical features overlapping both
micro/anophthalmia and otocephaly, which we consider to
be an intermediate phenotype (figure 1B and supplementary
figure 2). The second otocephalic patient (figure 1B) harbouring
an OTX2 mutation was a sporadic case (figure 1A) with no
familial history of ophthalmic or mandibular malformations.
Molecular analysis
Candidate gene analysis
We sequenced OTX2 in all index cases and extended our
sequencing to relatives when a change of interest was identified.
Since half of the DNAs were extracted from paraffin embedded
blocks, primer pairs were designed to amplify PCR products
<250 bases. Patients negative for OTX2 coding and flanking
splice site mutations were also screened for ALX4, MSX1,
PGAP1, PRRX1, and TWSG1 mutations when the amount of
DNA allowed such analyses (four out of eight patients). In
addition, the same loci were sequenced in the two families
with OTX2 mutations in search of candidate modifier alleles.
Primers and PCR conditions used are summarised in supple-
mentary table 1. Both DNA strands were sequenced using
the Big Dye Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems, Courtaboeuf, France). GenBank accession
numbers were NM_021728.2 (OTX2), NM_024989.3 (PGAP1),
NM_020648.5 (TWSG1), NM_021926.3 (ALX4), and
NM_002448.3 (MSX1).
Functional studies
Zebrafish embryo manipulation and genetic interaction studies
Splice blocking morpholinos (MOs) targeting otx2, pgap1, prrx1a
and prrx1b, and a translation blocking morpholino targeting
msx1 (Gene Tools, Philomath, Oregon, USA) were diluted to
appropriate concentrations with sterile, nuclease-free water (3 or
9 ng/nl for each MO for dose response; 3 ng/nl for genetic
interaction studies) and injected into wild-type zebrafish
embryos collected from natural matings at the 1e2 cell stage
according to standard procedures. Embryos were reared at 288C
in 1-phenyl-2-thiourea beginning at 24 h post-fertilisation until
harvest at 5 days post-fertilisation (dpf). All experiments
(n¼66e75 embryos/injection) were repeated twice. To assess
cartilaginous craniofacial structures, embryos were anaes-
thetised with tricaine, fixed overnight in 4% paraformaldehyde,
and stained overnight in Alcian blue solution (0.1% Alcian blue,
70% ethanol, 1% HCl). Embryos were cleared with acidic
ethanol (70% ethanol, 5% HCl) for 4 h, dehydrated in 100%
ethanol, and imaged in glycerol. All images (live and Alcian blue
stained whole embryos) were acquired on a Nikon AZ100
stereoscope at 63 magnification using Nikon NIS Elements
software. To assess knockdown efficiency of each splice blocking
morpholino, we harvested total RNA from injected batches of
25 embryos using Trizol (Invitrogen, Grand Island, NY, USA)
according to the manufacturer ’s instructions. Oligo-dT-primed
cDNA was then synthesised using SuperScriptIII reverse tran-
scriptase (Invitrogen) and cDNA was subsequently PCR ampli-
fied using primers flanking the MO target sites for each of otx2,
pgap1, prrx1a and prrx1b.
RESULTS
OTX2 is a candidate gene for otocephaly-agnathia
In family A, we identified a c.316delC mutation in exon 3 of
OTX2 (figure 2), a deletion predicted to result in a frameshift, p.
Gln106AsnfsX11. The truncated protein is predicted to termi-
nate at the end of the homeodomain within the glutamine
stretch (figure 2). Since otocephalic patients IV-1 and IV-2 died
about 20 years ago, their DNAs were unavailable to investigate
Figure 2 OTX2 mutations in
otocephaly-dysgnathia complex. (A)
Electropherograms showing the two
OTX2 mutations identified in otocephalic
patients in comparison with wild type
sequence. Mutations were identified at
heterozygous state in patients and
amplimers were cloned in a pGEM-T
vector to better delineate sequence
variations. The asterisks are positioned
over the deleted nucleotides and
numbered according to GenBank
accession numbers NM_021728.2
(NM_172337.1). (B) The two OTX2
mutations identified herein are
predicted to result in a frameshift
leading to production of a truncated
protein or nonsense mediated decay.
An RNA or protein source was
unavailable to test the functional
outcome for either mutation. The
mutations and their predicted truncated
proteins are indicated at the top. The
type and location of the previously
reported OTX2 mutations identified in
micro/anophthalmic patients are indicated
relative to the protein representation of isoform a. There are two alternative transcripts that code for isoforms a (NP_068374.1, 297 amino acids) and
b (NP_758840.1) that differ only in the presence or absence of eight amino acids, GPWASCPA, represented by the yellow region, 1 (33e40 aa).
Labelled nucleotide regions coding for different protein domains are colour coded for the three basic amino acid regions (b: b1 44e50 aa; b2 97e102
aa; b3 115e121 aa), homeodomain (45e105 aa), glutamine stretch (Q 103e109 aa), serine and threonine rich region (Ser-Thr 125e154 aa),
conserved WSP motif (WSP 158e167 aa), and repeated tails (OT1 267e275 aa and OT2 281e293 aa). The region coding for the homeodomain
overlaps regions coding for b1, b2, and glutamine stretch Q.
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their OTX2 mutational burden. However, their mother (III-2)
was found to have the mutation, suggesting that her two
otocephalic offspring IV-1 and IV-2 likely inherited this muta-
tion from her. Individual IV-7, with ocular abnormalities, also
carried the mutation, suggesting that his otocephalic sibling IV-6
may have had the mutation, although we were unable to obtain
a sample for testing from IV-6 or from their affected father III-9.
Patient IV-3, with clinical features overlapping both micro/
anophthalmia and otocephaly, did share the familial OTX2
mutation.
In family B (figure 1A), we screened OTX2 in a female patient
with otocephaly (figure 1B) and detected a c.130delC mutation
in exon 2 (figure 2). This deletion is predicted to result in
a frameshift, p.Arg44GlyfsX15; if translated, the truncated
protein would terminate before the OTX2 homeodomain
(figure 2). This patient was a sporadic case with no family
history of ophthalmic or mandibular malformations. Parental
DNA analysis showed that the OTX2mutation appears de novo.
No OTX2 mutation was identified in the 8 remaining otoce-
phalic patients. These results are summarised in supplementary
table 2.
Candidate gene screening of ALX4, MSX1, PGAP1, PRRX1, and
TWSG1 in OTX2 mutation-negative otocephaly samples
To explore further the genetic basis of otocephaly and over-
lapping phenotypes in the OTX2 mutation-negative samples in
our cohort, we conducted molecular analysis of five additional
candidate genes known to play a role in otocephaly malforma-
tions in vertebrates (ALX4, MSX1, PGAP1, PRRX1, and TWSG1;
possible for four out of the eight remaining patients with DNA
of sufficient quality). One patient displayed two heterozygous
PGAP1 intronic variations (c.1-115C>T and c.927+31A>G),
while another one displayed two heterozygous variations in
MSX1 (c.119C>G [p.Ala40Gly] and c.*+6C>T). More variants
were identified in ALX4: c.63C>T [p.Tyr21Tyr], c.104G>C, [p.
Arg35Thr], c.304C>T (p.Pro102Ser), c.621A>G [p.Ser207Ser],
c.1074C>T [p.His358Gln], and c.*228C>T. All sequence varia-
tions are common single nucleotide polymorphisms (SNPs)
referenced in dbSNP. These variants are thus unlikely to cause
otocephaly. No PRRX1 or TWSG1 variation was identified.
Patient genotypes are summarised in supplementary table 2.
otx2 interacts with other otocephaly loci in an in vivo
developmental model
Because of the observed phenotypic variability observed among
affected individuals in our families, we hypothesised that lesions
in additional loci may interact with OTX2 to cause otocepha-
lydan hypothesis consistent with the reported background
dependent variable penetrance and expressivity of murine
otocephaly mutations.11 20 We have shown previously that the
zebrafish is a useful model to dissect epistasis contributing to
variable phenotypes observed in human developmental disor-
ders.21e23 Therefore, we investigated the potential for otx2 to
modulate specific otocephaly endophenotypes or severity by
suppressing otx2 in a sensitised, physiologically relevant context
in the developing zebrafish embryo. First, we identified the
single zebrafish ortholog of OTX2 (91% identity; 94% similarity
vs human) and suppressed it transiently by microinjection of an
antisense MO targeting the splice donor sequence of Danio. rerio
otx2 exon 2 in batches of wild-type (wt) embryos at the one-to-
two cell stage. At 5 dpf, we scored embryos for craniofacial
phenotypes relevant to otocephaly and we observed mild
microphthalmia and shortening of the pharyngeal skeleton that
increased in penetrance in a dose dependent manner (figure 3A,
supplementary figure 3J). Notably, Alcian blue staining of 5dpf
embryos revealed the presence of all pharyngeal components,
but distinct defects in comparison to controls. These data were
consistent with the specific and robust targeting of the MO as
indicated by RT-PCR of cDNA generated from total RNA
harvested from otx2 morphants (supplementary figure 3A,E).
Next, we asked whether otx2 could exacerbate the craniofacial
phenotypes that result from loss of the known otocephaly loci,
PGAP1 and PRRX1, and an additional locus implicated in
mandibular development, MSX1. First, we identified the zebra-
fish orthologs of each protein; PGAP1 (one copy; 43% identity,
64% similarity vs human), PRRX1 (two copies; a and b each,
85% identity, 91% similarity vs human), and MSX1 (one copy;
61% identity, 68% similarity vs human) could each be
suppressed efficiently in developing zebrafish embryos subse-
quent to injection of splice blocking (pgap1, prrx1a and prrx1b) or
translation blocking (msx1) MOs (supplementary figure 3BeD,
FeJ). Scoring of zebrafish larva at 5 dpf revealed that knock-
down of pgap1 resulted in mild microphthalmia, fusion of the
eyes at the midline, and protrusion of the mandible (figure 3A,
D); prrx1a/b double morphants and msx1 morphants displayed
reduced eye size and anterior-posterior shortening of jaw struc-
tures (figure 3A,D). Similar to otx2, these abnormalities in the
pharyngeal skeleton were dose dependent (supplementary figure
3J). Next, to test otx2 genetic interaction with pgap1, we injected
subeffective doses of each MO (3 ng each of otx2 and/or pgap1)
either alone or in a pairwise fashion into wt zebrafish embryos
at the 1e2 cell stage and scored them live for craniofacial defects
at 5 dpf. Whereas we observed a modest percentage of abnormal
embryos for otx2 and pgap1 individually (2% and 26%, respec-
tively; n¼66e74 embryos/injection, repeated at least twice with
masked scoring), the combined effect resulted in a synergistic
exacerbation of phenotypes when compared to either MO alone.
Pairwise suppression resulted in increased mortality and a new
severe class of embryos that displayed severe microphthalmia,
eye fusion along the midline, and severe disorganisation of
mandibular cartilage as indicated by Alcian blue staining (figure
3A,B,D). Suppression of otx2 also exacerbated the effects of
prrx1a/b knockdown. Through comparisons of subeffective MO
injection doses targeting either otx2 and/or prrx1a/b (3 ng of each
MO), we saw a pronounced increase in embryos with cranio-
facial defects and a severe class of embryos in the otx2/prrx1a/b
morphant injection batches (2%, 4%, and 32% affected embryos
for otx2, prrx1a/b and otx2/prrx1a/b double morphants, respec-
tively; n¼66e74 embryos/injection; figure 3A,C,D). Similarly,
pairwise interaction studies between otx2 and msx1 resulted in
exacerbation of craniofacial defects in otx2/msx1 injection
batches compared to either single MO alone (3%, 6%, and 22%
affected embryos for otx2, msx1 and otx2/msx1 double morphants
respectively; n¼66e75 embryos/injection; figure 3A,C,D).
Together, these results indicate that suppression of otx2, in
combination with loss of function of other loci contributing to
otocephaly phenotypes, can modulate phenotypic severity in
the manifestation of craniofacial malformations.
ALX4, MSX1, PGAP1, PRRX1, and TWSG1 as candidate genetic
interactors of OTX2
Informed by the in vivo functional studies, which indicated the
potential for OTX2 to modulate otocephaly phenotypes, we
returned to the patient cohorts for further mutational analysis.
We screened the five candidate genes listed above (ALX4, MSX1,
PGAP1, PRRX1, and TWSG1) in available family members from
each of the two families bearing pathogenic OTX2 mutations.
Variants identified among ALX4, MSX1, PGAP1, PRRX1, and
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TWSG1 are described below and summarised in supplementary
table 2. First, in PRRX1, we detected no novel changes. In ALX4,
PGAP1, TWSG1, and MSX1, only known SNPs and all but two
(c.778-11G>A in ALX4, and c.906T>C [p.Leu302Leu] in PGAP1)
shared by micro/anophthalmic relatives were identified. The
ALX4 c.778-11G>A variation is not predicted to alter splicing by
in silico analysis and the PGAP1 c.906T>C variation is a neutral
variation with no amino acid modification and no predicted
effect on splicing by in silico analysis. Variations identified
among the screened genes are thus unlikely to exert a modifier
effect leading to otocephaly.
DISCUSSION
Otocephaly/agnathia is the most severe known developmental
defect of the mandible. Three genes (Otx2, Pgap1, Twsg1) cause
otocephaly when inactivated in mice, but the molecular defects
Figure 3 otx2 interacts genetically with pgap1, prrx1a/b, and msx1. (A) Representative live embryo images of otx2, pgap1, prrx1a/1b, and msx1
suppressed zebrafish larva. Wild-type zebrafish embryos were injected at the 1e2 cell stage with morpholinos (MO) targeting the zebrafish orthologs of
OTX2, MSX1, PGAP1 (one Danio rerio ortholog each), or PRRX1 (two orthologs, denoted as a and b). otx2 morphants displayed mild microphthalmia
and shortening of the pharyngeal skeleton; pgap1 morphants exhibited mild microphthalmia, fusion of the eyes at the midline, and protrusion of the
mandible; prrx1a/b double morphants displayed reduced eye size and anterior-posterior shortening of jaw structures. Co-injection of otx2 with
candidate modifier genes pgap1 or prrx1a/b resulted in classes of severely affected embryos respectively, characterised by extreme microphthalmia,
fused eyes (pgap1 only), and severe abnormalities of craniofacial structures. Lateral (top) and ventral views (bottom) are shown for each injection
cocktail. (B). Quantification of otx2 genetic interaction with pgap1. Subeffective doses of each MO were injected either alone or in a pairwise fashion
into wt zebrafish embryos at the 1e2 cell stage and scored live for craniofacial defects at 5 days post-fertilisation (dpf). Mild and severe classes are
depicted in panel A (centre column). Many double morphants die before 5 dpf (42%), but display severe craniofacial defects, including cyclopia, when
evaluated at earlier stages. (C) Quantification of otx2 genetic interaction with prrx1a/b. Subeffective doses of each morpholino were injected either
alone or in a pairwise fashion into wt zebrafish embryos at the 1e2 cell stage and scored live for craniofacial defects at 5 dpf. Mild and severe classes
are depicted in panel A (right column). (D) Quantification of otx2 genetic interaction with msx1. Subeffective doses of each morpholino were injected
either alone or in a pairwise fashion into wt zebrafish embryos at the 1e2 cell stage and scored live for craniofacial defects at 5 dpf. Mild and severe
classes are depicted in panel A (right column). (E) Craniofacial cartilage defects in otx2, pgap1, prrx1a/b, msx1 or double morphant embryos. Alcian
blue staining of 5 dpf embryos revealed the presence of all pharyngeal components (ventral views are shown), but distinct defects in comparison to
controls. Suppression of each gene or gene combination resulted in curving and shortening of ceratobranchial cartilage, and, in particular, pgap1 or
otx2/pgap1 morphants exhibited severely disorganised structures including abnormally shaped Meckel’s cartilage, and an increased angle of ceratohyal
cartilage with respect to the midline. Note the decrease in eye size for all injected embryos shown in comparison to controls.
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underlying this severe malformation are still largely unknown in
humans. Recently, missense mutations in PRRX1, encoding
a transcriptional co-activator, was identified in two cases of
otocephaly.12 13 Functional studies indicated that these muta-
tions decrease the ability for the mutant protein to regulate the
tenascin-C gene promoter, and thus, these mutations were
considered as deleterious. Prrx1 null mice display cleft palate and
mild hypoplasia of both the mandible and the zeugopodal bones
of the limbs.24 These are the only cases reported with a plausible
molecular explanation of otocephaly. However, we cannot
exclude the possibility that additional mutational burden was
required to manifest the severe craniofacial phenotype.
In this report, we demonstrated that OTX2 mutations
contribute to this malformation in humans. We identified an
OTX2 mutation in a large family where an autosomal dominant
form of micro/anophthalmia was present. Two microphthalmic
cousins of this family each gave birth to at least one child with
otocephalic features. Since these otocephalic patients died
prenatally or shortly after birth 20 years ago, it is not possible to
establish whether they shared the familial mutation. However,
we were able to show that their affected parent harboured the
familial OTX2 null mutation. Additionally, in the same family,
we identified the familial OTX2 mutation in a fetus displaying
ocular (microphthalmia with retinal dysplasia and absence of
the anterior chamber) and mandibular (severe micrognathia)
features.
To confirm the role of OTX2 mutations in otocephaly, we
screened an additional nine unrelated otocephalic patients for
OTX2 mutations. In one patient, we found a de novo frame-
shifting OTX2mutation, thus confirming the implication of this
gene in otocephaly. In our series, an OTX2 mutation was iden-
tified in 2/10 (20%) probands, and no other OTX2 mutations
could be found in the remainder of our cohort. Despite the
possibility that we missed mutations by direct sequencing
(exonic rearrangements, splicing mutation located far from the
coding sequence, or mutations in regulatory regions), this result
supports a probable genetic heterogeneity for otocephaly.
We performed additional molecular analysis for four of the
eight patients mutation-negative for OTX2, focusing on plau-
sible functional candidates (ALX4, MSX1, PGAP1, PRRX1, and
TWSG1). Alx4, a gene involved in skull defects, has previously
been proposed to be a modifier of the otocephalic phenotype in
Otx2 heterozygous mutant mice.20 MSX1 is a gene involved in
mandibular embryonic development,25 and its expression is
regulated directly or indirectly by TWSG126 and OTX2.27 In
addition, MSX1 binds a distant non-coding regulatory element
of SOX9 which, when mutated, leads to Pierre-Robin sequence,
a less severe human mandibular phenotype.28 Pgap1 and Twsg1
cause otocephaly when inactivated in mice.9 10 Finally, a muta-
tion in PRRX1 was previously identified in two otocephalic
patients.12 13 No deleterious mutations were identified in any of
these genes in the OTX2 mutation-negative patients. However,
this particular cohort is too small to rule out their possible
contribution to human otocephalic phenotypes.
The major phenotype described previously in patients with
OTX2 mutations is microphthalmia/anophthalmia associated
with extra-ocular defects such as brain malformations, pituitary
abnormalities, short stature, and mental retardation.15 OTX2
mutations identified so far are listed in supplementary table 3,
and represented in figure 2B. Phenotypic variability and incom-
plete penetrance have also been documented.14 15 No obvious
phenotype/genotype correlations for the single gene OTX2 can
be made. First, several micro/anophthalmic patients harbour
frameshifting or nonsense mutations located in the same region
of OTX2 (figure 2B), indicating that haploinsufficiency at this
locus is likely insufficient to cause otocephaly. Second, our
epistatic analysis shows overt genetic interactions with other
genes known to be required for mandibular formation in
humans and/or rodents. Together, these data suggest that
genetic interactions as well as the position/type of mutations at
OTX2 likely drive phenotypic expressivity.
The otocephaly-dysgnathia spectrum ranges from isolated
mandibular involvement (dysgnathia or agnathia) to a broader
spectrum of malformations including dysgnathia, holopro-
sencephaly, situs inversus, and visceral anomalies.29 Of note, the
patient with OTX2 mutations and otocephaly whom we could
examine (family B, patient II-1) was not affected by features of
holoprosencephaly, situs inversus, or by visceral malformations.
In one patient with an intermediate phenotype (family A,
patient IV-3), thymic hyperplasia, 11 rib pairs, and micropenis
were also associated with the otocephaly.
Discrete OTX2 expression in the mammalian forebrain and
retinal anlage is preceded and accompanied by transcription in
the anterior mesendoderm and pharyngeal endoderm.30 This
region of pharyngeal endoderm is critical for the induction and
orientation of facial skeletal elements derived from cephalic
neural crest cells.31 We speculate that the effect of OTX2
mutations on eye formation would be direct within the neuro-
epithelial component, but indirect, via mis-specification of the
rostral pharyngeal endoderm, on the mandibular portion of the
first branchial arch.
Consistent with observations in OTX2 null mice, the
mandibular phenotype associated with OTX2 mutation in
humans is highly variable, ranging from absence of develop-
mental defect (most of the family A members), to micrognathia
(family A, patient IV-3), to agnathia (family B), to severe
otocephaly (family A, patients IV-1, IV-2, and IV-6). Phenotypic
variation has been attributed to modifier genes, environmental
variations, and stochastic effects. To understand the phenotypic
variability observed between the two families with OTX2
mutations, we hypothesised that pathogenic alleles at epistatic
loci may be involved in the otocephalic phenotype for patients
bearing an OTX2 mutation. In vivo modelling experiments in
zebrafish showed that suppression of three genes in concert with
otx2, (pgap1, prrx1a/b, and msx1) lead to exacerbated craniofacial
defects far exceeding defects of each gene alone, suggesting that
the combinatorial effect of additional molecular lesions in the
genome may explain the phenotypic variability associated with
OTX2 mutations. In our families, known otocephaly-causing/
contributing genes were mutation negative for the candidates
screened, suggesting that the otocephaly phenotype is likely
subject to additional genetic heterogeneity. Whole exome/
genome sequencing of these and other families under a ‘two-hit’
hypothesis, coupled to epistatic analysis in zebrafish or other
suitable model organisms, is likely to identify such alleles and
illuminate the genetic architecture of this complex disorder.
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Letters to the Editor
Mutations in the Newly Identified RAX Regulatory Sequence
Are Not a Frequent Cause of Micro=Anophthalmia
Nicolas Chassaing,1–3 Adeline Vigouroux,1,2 and Patrick Calvas1–3
Aim: Microphthalmia and anophthalmia are at the severe end of the spectrum of abnormalities in ocular de-
velopment. A few genes (SOX2, OTX2, RAX, and CHX10) have been implicated in isolated micro=anophthalmia,
but causative mutations of these genes explain less than a quarter of these developmental defects. A specifically
conserved SOX2=OTX2-mediated RAX expression regulatory sequence has recently been identified. We pos-
tulated that mutations in this sequence could lead to micro=anophthalmia, and thus we performed molecular
screening of this regulatory element in patients suffering from micro=anophthalmia. Methods: Fifty-one patients
suffering from nonsyndromic microphthalmia (n¼ 40) or anophthalmia (n¼ 11) were included in this study after
negative molecular screening for SOX2, OTX2, RAX, and CHX10 mutations. Mutation screening of the RAX
regulatory sequence was performed by direct sequencing for these patients. Results: No mutations were identified
in the highly conserved RAX regulatory sequence in any of the 51 patients. Conclusions: Mutations in the newly
identified RAX regulatory sequence do not represent a frequent cause of nonsyndromic micro=anophthalmia.
Introduction
M
icrophthalmia and anophthalmia are at the severe
end of the spectrum of abnormalities in ocular devel-
opment. The combined occurrence rate for these two mal-
formations is 1=10,000 births (Morrison et al., 2002; Lowry
et al., 2005). Mutations in several genes have been isolated
in syndromic and nonsyndromic anophthalmia. Hetero-
zygous mutations in SOX2 account for approximately 10%
of anophthalmia (Fantes et al., 2003; Ragge et al., 2005).
Other genes have been identified to cause isolated an-
ophthalmia or extreme microphthalmia in humans (OTX2,
RAX, and CHX10) (Verma and Fitzpatrick, 2007). The latter
are implicated in a very small proportion of affected indi-
viduals, implying wide genetic heterogeneity to match the
phenotypic variability.
The RAX homeobox gene is essential for vertebrate eye
development. In humans, the role of RAX in eye formation is
clearly supported by the identification of truncating and mis-
sensemutations inpatientswith anophthalmia (Voronina et al.,
2004; Lequeux et al., 2008). Recently, Danno et al., (2008)
identified a specific 35-nucleotide conserved regulatory se-
quence located 2 kb upstream of the promotor. They showed
that OTX2 and SOX2, two proteins, also directly implicated in
micro=anophthalmia, bind this conserved sequence, and act as
direct upstream regulators of RAX expression (Danno et al.,
2008). We hypothesize that mutations in this regulatory se-
quence could disturb the early embryologic process of eye
formation, and consequently lead to micro=anophthalmia.
Molecular analysis was therefore performed in 51 non-
syndromic micro=anophthalmia patients for whom previous
molecular analysis of genes implicated in isolated micro=
anophthalmia (SOX2, OTX2, RAX, and CHX10) had failed to
identify any causative mutation.
Patients and Methods
Patients
Fifty-one patients suffering from nonsyndromic micro-
phthalmia (n¼ 40) or anophthalmia (n¼ 11) were included in
this study after their informed consent was obtained accord-
ing to French law. All had undergone molecular analysis of
SOX2, OTX2, RAX, and CHX10 genes without any causative
mutation identified.
Methods
The 35-nucleotide conserved RAX regulatory sequence
(1-3117 to 1-3084) was amplified by PCR using a set of primers
deduced from the RAX 50 genomic sequence (forward:
1INSERM, U563, Centre de Physiopathologie de Toulouse Purpan, Toulouse, France.
2CHU Toulouse, Hoˆpital Purpan, Service de Ge´ne´tique Me´dicale, Toulouse, France.
3Universite´ Toulouse III Paul-Sabatier, Toulouse, France.
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ª Mary Ann Liebert, Inc.
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CCAGGCTCCTTACTGTTGCT; reverse: GCTTCCTTTGTG
CAGGACAT), corresponding to amplification of a 243-bp
fragment. The PCR-amplified strands were subsequently
purified with QIAquick Gel Extraction kit (Qiagen SA, Court-
aboeuf, France), and both strands were sequenced using Big
Dye DNA sequencing kit (Applied Biosystems, Courtaboeuf,
France). Reactions were analyzed in an ABI3100 sequencer
(Applied Biosystems).
Results and Discussion
To date, RAX mutations explain only a minority of micro=
anophthalmia cases. However, because only the coding se-
quences have been studied previously, the possibility of re-
current mutations in regulatory sequences could not be ruled
out.
The recently described RAX regulatory sequence was a
good candidate region for mutations in micro=anophthalmia,
as OTX2, SOX2 (two proteins that bind this sequence and then
regulate RAX expression), and RAX proteins expressed in
early eye development and mutations of genes encoding
these three proteins lead to micro=anophthalmia (Verma and
Fitzpatrick, 2007; Danno et al., 2008). The RAX regulatory
sequence is highly conserved among species (Danno et al.,
2008), and mutations in this sequence would probably im-
pair SOX2 and OTX2 DNA pairing and thus RAX expression.
Molecular analysis allows to identify two not previously
described heterozygous single-nucleotide polymorphisms (1-
3058C>T and 1-3046G>A) located near the highly con-
served regulatory sequence in, respectively, one and two
patients. However, these variations were also found, respec-
tively, in 2% and 5% of a control population of 50 individuals
and, hence, could be considered as nonpathogenic variations.
Molecular analysis failed to identify any sequence variation of
the RAX 35-nucleotide conserved regulatory element in the 51
patients included in this study.
In conclusion, although mutations in this sequence may
nevertheless be implicated in some micro=anophthalmia pa-
tients, our results suggest that such sequence variations are
not a frequent cause of micro=anophthalmia. Molecular basis
of these ocular malformations remains still poorly under-
stood, and further work remains to be done to identify new
micro=anophthalmia genes.
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ARTICLE
Genomic imbalances detected by array-CGH in
patients with syndromal ocular developmental
anomalies
Andre´e Delahaye*,1,2,3,15, Pierre Bitoun4,15, Se´verine Drunat5, Marion Ge´rard-Blanluet5, Nicolas Chassaing6,
Annick Toutain7, Alain Verloes3,5,8, Fre´de´rique Gatelais9, Marie Legendre10, Laurence Faivre11, Sandrine Passemard3,5,8,
Azzedine Aboura5, Sophie Kaltenbach5,12, Samuel Quentin13, Ce´line Dupont1,5, Anne-Claude Tabet5,
Serge Amselem9, Jacques Elion3,5,8,14, Pierre Gressens3,8, Eva Pipiras1,2,3,16 and Brigitte Benzacken1,2,3,5,16
In 65 patients, who had unexplained ocular developmental anomalies (ODAs) with at least one other birth defect and/or
intellectual disability, we performed oligonucleotide comparative genome hybridisation-based microarray analysis (array-CGH;
105A or 180K, Agilent Technologies). In four patients, array-CGH identified clinically relevant deletions encompassing a gene
known to be involved in ocular development (FOXC1 or OTX2). In four other patients, we found three pathogenic deletions
not classically associated with abnormal ocular morphogenesis, namely, del(17)(p13.3p13.3), del(10)(p14p15.3), and
del(16)(p11.2p11.2). We also detected copy number variations of uncertain pathogenicity in two other patients. Rearranged segments
ranged in size from 0.04 to 5.68Mb. These results show that array-CGH provides a high diagnostic yield (15%) in patients with
syndromal ODAs and can identify previously unknown chromosomal regions associated with these conditions. In addition to their
importance for diagnosis and genetic counselling, these data may help identify genes involved in ocular development.
European Journal of Human Genetics (2012) 20, 527–533; doi:10.1038/ejhg.2011.233; published online 11 January 2012
Keywords: ocular developmental anomaly; array-CGH; OTX2; FOXC1; 16p11.2 deletion; YWHAE
INTRODUCTION
Ocular developmental anomalies (ODAs) are severe structural defects
of the eye caused by disruption of the complex process of ocular
morphogenesis during early gestation.1 ODAs occur in about 1 in
3000 to 4000 neonates and have been estimated to account for at least
25% of cases of childhood visual impairment worldwide.2,3 ODAs
include anophthalmia, microphthalmia, coloboma (failure of the optic
fissure to close), congenital cataract (opacity of the lens fibres), and
dysgenesis of the anterior segment (iris and cornea). These anomalies
can occur separately or in combination and can be accompanied with
other birth defects and/or with intellectual disability. The broad
clinical spectrum of syndromal ODAs reflects the complexity of the
pathways involved in ocular development. Many genes are known to
be involved in ocular development, including several genes initially
identified in chromosomal rearrangements.4
Chromosomal abnormalities are found in 7.7 to 10% of neonates
with ocular anomalies and other birth defects.5,6 The introduction of
microarray technology has shown a very high rate of rearrangements
undetectable with standard or high-resolution karyotyping. Submi-
croscopic copy number variations (CNVs) account for a substantial
proportion of normal and pathogenic genetic variation in humans.7
Few studies have specifically addressed the role for submicroscopic
chromosomal imbalances in ODAs. In a case–series study of 32
patients with non-syndromal anophthalmia, microphthalmia, or
coloboma, a single causal deletion was found, suggesting a limited
causal role for CNVs in non-syndromal ODAs.8 Another study found
pathogenic CNVs in 5 (13%) of 37 patients with ocular birth defects.9
The objective of this study was to determine the prevalence of
genomic imbalances identified using comparative genomic hybridisa-
tion-based microarray analysis (array-CGH) in patients with syndro-
mal ODAs.
PATIENTS AND METHODS
Informed consent to participation was obtained from all patients
and/or parents before study inclusion. Parents also gave informed
consent for their own tests.
PATIENTS
A total of 65 unrelated patients (42 males and 23 females) were
included. They were born to non-consanguineous parents and
had unexplained syndromal ODAs with normal karyotypes. All
patients were examined by experienced ophthalmologists and clinical
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geneticists, and had negative routine diagnostic work-up results. There
were 38 patients with micro-anophthalmia and coloboma, 7 with optic
nerve hypoplasia, 2 with aniridia, 8 with anterior segment anomalies,
8 with congenital cataract, and 2 with other ocular defects (Duane
syndrome and buphthalmos, respectively). Only patients with intellec-
tual disability and/or at least one extraocular birth defect were included.
Individual patient characteristics are reported in Supplementary Table 1.
Array-CGH
Blood samples were obtained from the study patients and, when
possible, from their parents. Genomic DNA was isolated from blood
samples using standard protocols. Oligonucleotide array-CGH was
performed using the Human Genome CGH Microarray Kit 105A or
SurePrint G3 Human CGH Microarray Kit, 4180K (Agilent Tech-
nologies, Santa Clara, CA, USA). In the 105A kit, the arrays include a
total of 105 750 probes, with an overall median probe spacing of 22 kb,
and in the 180K kit a total of 180 880 probes, with an overall median
probe spacing of 13 kb. Experiments were performed according to the
standard Agilent protocol (Agilent Oligonucleotide Array-Based CGH
for Genomic DNA Analysis, version 6.3). Commercially available
genomic DNA (Promega, Madison, WI, USA) was used as the control.
Hybridised slides were scanned with a microarray scanner (G2505B
SureScan High-Resolution Technology Agilent), and the image data
were extracted and converted to text files using Agilent Feature
Extraction software. The data were graphed and analysed using Agilent
CGH Analytics software (statistical algorithm: ADM-2; sensitivity
threshold: 6.1). Only gains or losses that encompassed at least three
consecutive oligomers on the array were considered. CNVs previously
identified in unaffected individuals according to the Database of
Genomic Variants (http://projects.tcag.ca/variation/) were excluded.
The validation method was chosen based on the imbalance type
(deletion or duplication), size, and sample availability (DNA and/or
metaphase spreads). Then, the clinical relevance of observed chromo-
somal aberrations was estimated according to data found in the
scientific literature and databases for each of the regions and genes
involved, using the DECIPHER database (http://www.sanger.ac.uk/
PostGenomics/decipher/) for known microdeletion and microdupli-
cation syndromes and the Online Mendelian Inheritance in Man
(OMIM, www.ncbi.nlm.nih.gov/Omim/getmorbid.cgi) for known
disease-causing genes, gene functions, and inheritance patterns.
Whenever possible, to discriminate between de novo and inherited
anomalies, the parents were tested using fluorescence in situ hybridi-
sation (FISH), multiplex ligation-dependent probe amplification
(MLPA), or real-time quantitative PCR technology (qPCR). When
there was a family history of ODA or X-linked anomaly, additional
family members were studied to evaluate the familial segregation of
the inherited anomalies. DNA copy alterations were considered
possibly pathogenic when they involved regions known to be asso-
ciated with microdeletion or microduplication syndromes, involved
known dosage-sensitive genes, involved known eye development
genes, consisted in de novo imbalances, or exhibited a pattern of
family segregation consistent with pathogenicity.
Fluorescence in situ hybridisation
FISH was performed using standard protocols with commercially
available probes. BAC clones from the RPCI human BAC library
were selected in the chromosomal region of interest using the UCSC
Genome Browser (http://genome.cse.ucsc.edu). DNA was labelled
with Spectrum GreenTM-11-dUTP or Spectrum OrangeTM-11-dUTP
(Vysis, Downers Grove, IL, USA) by nick translation, using a commercial
kit (Roche Diagnostics GMBH; http://www.rochediagnostics.com)
according to the manufacturer’s instructions. All BAC clones used
for confirmation are described in the online Supplementary Informa-
tion file (Supplementary Table 2).
Multiplex ligation-dependent probe amplification
The microdeletion syndrome-specific MLPA kit SALSA P297-B1
was used with MRC-Holland reagents (MRC-Holland, Amsterdam,
the Netherlands) according to the manufacturer’s protocol. Amplifica-
tion products were analysed using capillary electrophoresis in the
DNA Analyser 3130XL and GeneMapper software v3.7 (Applied
Biosystems, Life Technologies, Carlsbad, CA, USA). This kit contains
probes targeting the 16p11.2 region (MAZ, MVP, HIRIP3, DOC2A,
and MAPK3 genes).
Real-time qPCR
Real-time qPCR was performed on a StepOnePlus Real-Time PCR
System (Applied Biosystems, Life Technologies) with fluorescent SYBR
Green dye (Power SYBR green PCR master mix, Applied Biosystems,
Life Technologies). Gene-specific primers for the target gene and
endogenous control genes (F9 and PTEN) were designed using Primer
Express Software (Applied Biosystems, Life Technologies). The BLAST
program from the NCBI browser (http://www.ncbi.nlm.nih.gov/BLAST)
was used for in silico specificity analysis. Amplification efficiencies
were calculated based upon the generation of standard curves using
serial dilutions of genomic DNA. Assays with amplification efficiencies
between 85 and 120% were considered acceptable. Each sample was run
in triplicate for target gene quantification compared with endogenous
control genes. Data were processed using the StepOne software v.2
(Applied Biosystems, Life Technologies), with the comparative DD
threshold cycle-number method.10 All the primers and probes used
for qPCR are described in the online Supplementary Information file
(Supplementary Table 2).
Microsatellite analysis
Microsatellites were selected from UCSC Genome Browser microsatellites
or simple repeat tracks, and primers were designed using the NCBI
Primer-BLAST program. For a single reaction, a master mix of 2.5ml
10 PCR buffer with 25mM MgCl2, 1ml 5mM dNTP, 0.125ml AmpliTaq
Gold enzyme (Applied Biosystems, Life Technologies), 0.25ml 20pM
primers (forward and reverse), and 16375ml sterile H2O was prepared. A
volume of 1ml DNA (50ng/ml) was added to each reaction. The PCR
reaction was run in Eppendorf Thermocyclers (Eppendorf, Hamburg,
Germany) using the following conditions: hot start at 95 1C for 10min,
95 1C for 10 s, 50 1C for 10 s for 36 cycles, followed by a final extension
step at 72 1C for 4min. Samples were analysed on an ABI 3730 XL DNA
sequencing analyser and processed using GeneMapper 3.7 software
(Applied Biosystems, Life Technologies).
RESULTS
Molecular karyotyping
Array-CGH identified 15 DNA CNVs involving segments larger than
100 kb in 14 patients (Table 1). These alterations were consistently
confirmed by FISH, MLPA, or qPCR. The altered segments ranged in
size from 0.04 to 5.68Mb (Figure 1). In four patients, we identified
clinically relevant deletions encompassing a gene known to be
involved in ocular development (FOXC1 or OTX2; Table 1, patient
no. 1–4). In four other patients, three pathogenic deletions not
classically associated with ODAs were found, namely, del(10)(p14p15.3),
del(17)(13.3p13.3), and del(16)(p11.2p11.2) (Table 1, patient no. 5–8).
Microsatellite analyses showed that the deletions were de novo
and paternally derived for patient no. 1, 2, and 5, and de novo
Array-CGH in syndromal ocular anomalies
A Delahaye et al
528
European Journal of Human Genetics
and maternally derived for patient no. 7. In patient no. 9,
the inherited 11p15.4 duplication involving genes not known to be
associated with disease was interpreted as possibly pathogenic because
the pattern of family segregation suggested an autosomal dominant
defect with incomplete penetrance and variable expressivity (Figure 2,
Family A). In patient no. 10, we provisionally classified the 360-kb
20p12.1 deletion as possibly pathogenic, although no known disease-
associated gene, microdeletion, or microduplication syndrome was
found. We are seeking to obtain samples from the parents and sisters
to clarify the clinical significance of this deletion. In a male patient
(patient no. 11) with an Xq25 deletion involving genes not known to
be associated with disease and inherited from a healthy mother, the
family study identified this Xq25 deletion in an asymptomatic
maternal uncle and was therefore probably a non-pathogenic variant
(Figure 2, family B, and Table 1). In three patients (patient no. 12, 13,
and 14), DNA copy alterations were inherited from a phenotypically
normal parent with no family history of ODA and were interpreted as
likely non-pathogenic variants (Table 1). All 14 patients have been
submitted for registration in the DECIPHER database (http://www.
sanger.ac.uk/PostGenomics/decipher/).
Table 1 DNA copy alterations identified using array-CGH
Patient Imbalance Size (Mb) ISCN descriptiona Inheritance Major genes involved DECIPHER patient
Possibly pathogenic chromosomal anomalies
Patient 1 Del 5.68 6p25.1p25.3(107,883-5,684,125)x1 Pat (dn) FOXC1 PAR251592
Patient 2 Del 1.95 6p25.2p25.3(477,352-2,472,573)x1 Pat (dn) FOXC1 PAR251563
Patient 3 Del
Del
0.61
2.25
4q34q34(176,398,264-177,004,339)x1
14q22.2q23.1(54,287,767-56,543,234)x1
Pat (inh)
Mat (inh)
GPM6A
OTX2, GCH1
PAR251586
Patient 4 Del
Del
0.04
0.11
11p15.4p15.4(3,765,195-3,809,332)x1
14q23.1q23.1(56,326,564-56,433,789)x1
U RHOG
OTX2
PAR254661
Patient 5 Del 5.55 10p14p15.3(2,911,242-8,457,638)x1 Pat (dn) AKR1C2, GATA3 PAR251587
Patient 6 Del 0.5 17p13.3p13.3(1,105,199-1,605,301)x1 U YWHAE PAR251562
Patient 7 Del 0.6 16p11.2p11.2(29,500,084-30,106,254)x1 Mat (dn) SEZ6L2 PAR251593
Patient 8 Del 0.55 16p11.2p11.2(29,560,300-30,106,254)x1 Non-mat SEZ6L2 PAR256688
Patient 9 Dup 0.18 11p15.4p15.4(7,283,552-7,466,165)x3 Pat (inh) SYT9, OLFML1 PAR251548
Patient 10 Del 0.36 20p12.1p12.1(15,003,653-15,360,378)x1 U MACROD2 PAR251588
Probably non-pathogenic variant
Patient 11 Del 0.41 Xq25q25(127,268,216-127,679,006)x1 Mat (inh) Pseudogenes PAR251582
Patient 12 Del 0.77 2q23.3q23.3(153,511,511-154,277,644)x1 Mat (inh) RPRM PAR251584
Patient 13 Dup 0.2 6p11.2p11.2(27,767,070-27,969,040)x3 Mat (inh) tRNA genes, histone gene cluster PAR251546
Patient 14 Del 0.2 8p23.2p23.3(3,079,016-3,276,030)x1 Pat (inh) CSMD1 PAR251596
Abbreviations: Del, deletion; dn, de novo; Dup, duplication; inh, inherited; ISCN, International System for Human Cytogenetic Nomenclature (2009); mat, maternal; pat, paternal; U, unavailable.
aOn NCBI human genome Build 36 (UCSC hg18).
Bold denotes gene known to be involved in ocular development.
Figure 1 Possibly pathogenic chromosomal anomalies identified in patients with syndromal ODAs. Chromosome views and/or gene views of the affected
chromosome or chromosome band produced by the Agilent CGH Analytics software and showing the aberrant region, which is highlighted in colour. On gene
views, the dots correspond to the array targets, arranged on the y axis according to their genomic position and on the x axis according to their log2 intensity
ratio value.
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Clinical data of patients with clinically relevant chromosomal
abnormalities
Patient no. 1. This girl with a 6p25 deletion encompassing the
FOXC1 gene was referred to a clinical geneticist at 1 month of age
for dilated cardiomyopathy and facial dysmorphism. She was the
first and only child of healthy non-consanguineous parents. The
pregnancy was uneventful. She was born at 39 weeks of gestation
after a normal vaginal delivery. At birth, she had normal values for
weight (2845 g), length (47.5 cm), and occipitofrontal circumference
(34 cm). Dysmorphic features included a prominent forehead, hyper-
telorism, down-slanting palpebral fissures, a broad nasal bridge, and
ocular proptosis. The combination of dilated cardiomyopathy and
facial dysmorphism prompted further investigations. The conventional
cytogenetic analysis was normal. The ophthalmologist found bilateral
Axenfeld’s anomaly with iridocorneal adhesions and corectopia of the
right eye. Magnetic resonance imaging (MRI) of the brain showed a
short corpus callosum and mega cisterna magna. During follow-up,
mild motor delay developed and the cardiomyopathy remained stable.
At last follow-up, she was 2 years of age and unable to walk alone; her
weight was 10.2 kg (1.5 SD), her height 81 cm (1 SD), and her
OFC 46 cm (1 SD).
Patient no. 2. This 27-year-old man with a 6p25 deletion encom-
passing the FOXC1 gene was born to non-consanguineous parents. He
had Rieger syndrome with low vision and bilateral Rieger ocular
anomaly (iris hypoplasia, iridocorneal adhesions, and posterior
embryotoxon) complicated by bilateral glaucoma. Other abnormal-
ities were hypotrophy, hypodontia, and autistic spectrum disorder.
Cerebral MRI could not be performed.
Patient no. 3. This 24-year-old male belonging to family C (Figure 2)
and his two maternal uncles (C5 and C6) had various combinations of
colobomatous microphthalmia, palate anomalies, facial dysmorphism,
renal malformation, microcephaly, and intellectual disability. They
had a 14q23 deletion encompassing the OTX2 gene. The carrier
females had mild features (strabismus, nystagmus, low-normal intelli-
gence, and speech problems), except one (C7), who was asympto-
matic. Cousin C10 had developmental delay, strabismus, marked
scoliosis, mild dysmorphism, and dopa-responsive dystonia. No
other family members carrying the deletion had neurological symp-
toms suggesting dystonia.
Patient no. 4. This 14 year-old girl with a 14q23 deletion encom-
passing the OTX2 gene was the first of two children of healthy
Figure 2 Family segregation of possibly pathogenic chromosomal anomalies. Family studies were performed for patient no. 9 (family A), 11 (family B),
and 3 (family C). In family A, segregation of the 11p15 duplication was consistent with an autosomal dominant disorder with incomplete penetrance
and variable expression. In family B, the Xq25 deletion was present in an asymptomatic maternal uncle, suggesting that it was a non-pathogenic
variant devoid of clinical significance. Family C demonstrates the incomplete penetrance and variable expressivity of phenotypes associated with OTX2
defects. The additional paternally inherited imbalance in patient no. 3 suggests that GPM6A haploinsufficiency may modify the phenotype associated with
OTX2 defects. dup, duplication; D, deletion; +, wild type.
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non-consanguineous parents. There was no family history of ODA.
She was born at full term after a normal vaginal delivery. Her birth
weight (2400 g) and length (46 cm) were at 2 SD (third percentile).
She had severe bilateral microphthalmia, facial dysmorphism (promi-
nent forehead and depressed nasal bridge), and developmental delay.
When she was 4 years old, her weight was 10kg (3 SD), her height
was 87 cm (3.5 SD), and her skeletal bone age was 2 years.
Investigations showed growth hormone deficiency and she was started
on growth hormone replacement therapy. Brain MRI showed anterior
pituitary hypoplasia and an ectopic posterior pituitary gland. At 10
years of age, after more than 5 years of growth hormone treatment,
her weight was 21 kg (2 SD) and her height 124 cm (2 SD).
Patient no. 5. This 9-year-old boy with 10p14p15 deletion was the
first and only child of healthy non-consanguineous parents. He was
born at full term after a normal vaginal delivery, with growth
parameters at 2 SD: weight 2380 g (fifth percentile); length 45 cm
(third percentile), and OFC 32 cm (fifth percentile). He had multiple
birth defects consisting of choanal atresia, bilateral coloboma of the
iris, malrotation of the midgut, grade III vesicoureteral reflux, facial
dysmorphism (blepharophimosis with down-slanting palpebral fis-
sures), and microcephaly (OFC at 4 SD). During follow-up, epilepsy
and developmental delay were diagnosed, followed by bilateral hearing
impairment and hypoparathyroidism.
Patient no. 6. This 9-year-old boy previously described by Schiff
et al11 as patient D had a 17p13.3. deletion. He was the second child of
healthy non-consanguineous parents. He had prenatal-onset growth
retardation, bilateral chorioretinal coloboma with lens coloboma and
right microcornea, developmental delay, and facial dysmorphism
(large face, hypertelorism, down-slanting palpebral fissures, ptosis,
short nose, pointed chin, and everted lower lip). Multidrug-resistant
epilepsy developed during follow-up.
Patient no. 7. This 4-year-old girl with a 16p11.2 deletion had septo-
optic dysplasia, with pituitary deficiency and intellectual disability.
The ophthalmological examination was abnormal, with colobomatous
microphthalmia of the left eye, persistent hyperplastic primary vitreous,
and cataract of right eye. Brain MRI showed agenesis of the septum
pellucidum and olfactory bulb and hypoplasia of the optic tract.
Patient no. 8. This 6-year-old boy with a 16p11.2 deletion was the
second of two children of healthy non-consanguineous parents. There
was no family history of ODA. He was born at full term after a normal
vaginal delivery, with growth parameters at 2 SD: weight 2735 g
(5–10th percentile); length 48 cm (10th percentile); and OFC 33 cm
(10th percentile). Congenital nasolacrimal duct obstruction was repaired
surgically. Chorioretinal coloboma with microcornea was found in the
left eye; the right eye was normal. During follow-up, mild psycho-
motor delay with a speech defect developed. Brain MRI was not
performed.
Patient no. 9. This 10-year-old boy with a 11p15.4 duplication was
the first and only child of healthy non-consanguineous parents and
belonged to family A (Figure 2). He had optic nerve hypoplasia,
growth hormone and TSH deficiency, sleep disorder, and intellectual
disability. Brain MRI showed anterior pituitary hypoplasia and ectopia
of the posterior pituitary gland without other septal anomalies. His
two paternal female cousins had simple microphthalmia.
Patient no. 10. This girl with a 20p12.1 deletion was the first-born
child of healthy non-consanguineous parents. Abnormalities at birth
consisted of bilateral anophthalmia, cleft lip and palate, deafness, and
bilateral inguinal hernia. Her psychomotor development and stature
were normal. She had a sister with unilateral microphthalmia and cleft
lip and palate.
DISCUSSION
Using whole-genome array-CGH, we found 10 potentially pathogenic
chromosome imbalances among 65 patients with ODAs. This diag-
nostic yield of 15% is consistent with the findings from oligonucleo-
tide-based array studies in patients with unexplained intellectual
disability or developmental delay.12,13 Our study’s arrays resolutions
are theoretically lower than those used in the two previous array-CGH
studies of patients with ODA.8,9 However, our diagnostic yield is
similar or better. This is certainly explained by differences in the
inclusion criteria; unlike us, these two studies included patients with
isolated ODAs.
The chromosomal abnormalities identified in patient no. 1–8 were
considered causal. In four patients (no. 1–4), we found deletions
encompassing a gene known to be involved in ocular development
(FOXC1 or OTX2), in keeping with an earlier study.9 Adding our
patients to those of this previous study, 8% of patients with ODAs had
deletions encompassing OTX2 (n¼3), FOXC1 (n¼3), COH1 (n¼1),
or PAX6 (n¼1). FOXC1 alterations (mutations or 6p25.3 deletions/
duplications) are involved in Axenfeld–Rieger anomaly or syndrome
(MIM 601090, 602482, and 601631) and were recently shown to cause
cerebellar vermis hypoplasia and to contribute to the Dandy–Walker
continuum.14 OTX2 deletions and heterozygous mutations cause
syndromal micro-anophthalmia (MIM 600037 and 610125)15 and
developmental anomalies of the pituitary gland,16 and OTX2 muta-
tions can cause septo-optic dysplasia.17 Family C and several pre-
viously described families were reported with OTX2 alterations in
patients presenting micro-anophthalmia and/or pituitary deficiency
but inherited from an asymptomatic parent,9,16,18,19 suggesting the
incomplete penetrance of OTX2-associated phenotypes. Therefore, a
CNV encompassing OTX2 transmitted by an unaffected parent can be
pathogenic for his child. Intrafamilial heterogeneity of OTX2 defects
may be explained, in some cases, by an additional imbalance. The
GPM6A gene included in the paternally inherited 610-kb deletion at
4q34 of our patient no. 3 and the RHOG gene in the 11p15 deletion of
patient no. 4 have both been implicated in neurite outgrowth.20,21
RHO–ROCK signalling is involved in regulating the microfilament
system, which is a key regulator of epithelial morphogenesis22 and
controls the early phases of optic cup morphogenesis.23 These data
support a role for RHOG in ODAs. We therefore suggest that RHOG
haploinsufficiency may modulate the OTX2-related phenotype of
patient no. 4.
Patient no. 5 and no. 6 carry pathogenic deletions that are not
classically associated with ODAs. In both patients, the extraocular
phenotype is consistent with the deletion. Their ODA could be related
to a separate unknown cause or explained by the incomplete pene-
trance of an unknown ocular developmental gene included in their
deletion. In patient no. 5, the deletion includes GATA3, which is
involved in the HDR syndrome (hypoparathyroidism, deafness, and
renal dysplasia syndrome, MIM 146255), and the phenotype is
consistent with HDR syndrome. The additional anomalies are possibly
due to the other genes included in the large 10p14p15 deletion in this
patient. In keeping with earlier data,11,24 ocular coloboma was a
feature in our patient no. 6, pointing to a critical 0.67-Mb region
for coloboma, with incomplete penetrance.
CNVs associated with partially penetrant phenotypes raise chal-
lenges, as seen also in our patient no. 7 and 8, who had a 16p11.2
deletion. The 16p11.2 deletion syndrome (OMIM 611913) has been
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described in at least 100 individuals. The common deleted or
duplicated region is 555 kb in length and is flanked by two low copy
repeats of about 147 kb, suggesting that its pathogenic effects may be
mediated by non-allelic homologous recombination. Recurrent micro-
deletions and microduplications at 16p11.2 have been shown to confer
susceptibility to autistic spectrum disorder and have been identified in
up to 1% of patients with this diagnosis.25 The 16p11.2 deletion
frequently co-segregates with severe early-onset obesity.26,27 ODA is
not a common feature of 16p11.2 deletions. In a neonate with
multiple anomalies, including right ocular coloboma and chorioreti-
nitis, array-CGH detected a 16p11.2 deletion on the G-banded
karyotype; the size of the deletion was not estimated, and the break
points were not reported.28 More recently, microphthalmia and optic
nerve coloboma were reported in a patient with a de novo 16p11.2
microdeletion.29 Our finding of a 16p11.2 deletion in two patients
with ODAs supports a causal link between 16p11.2 haploinsufficiency
and low-penetrance coloboma. A less likely hypothesis is that of an
autosomal recessive disorder with loss of one of the alleles, allowing
the mutation-carrying allele to cause the ODA. In this chromosomal
region, SEZ6L2 may be involved in ocular development, as it is
expressed in the forebrain during development30 as well as in the
eye (BioGPS, http://biogps.gnf.org/; GeneHub-GEPIS, http://www.cgl.
ucsf.edu/Research/genentech/genehub-gepis/genehub-gepis-search.html).
Further studies are needed to evaluate the potential role for SEZ6L2 or
another 16p11.2 gene in ocular development.
The clinical relevance of the CNV detected by array-CGH was
unclear in two of our patients. Criteria for pathogenic CNVs, as
opposed to non-pathogenic CNVs, have been suggested (see Table 1 of
Lee et al31). Nevertheless, it may be difficult to draw a definitive
conclusion,7,32 most notably when samples cannot be obtained from
both parents (and, in some cases, other family members). Unavail-
ability of family samples is probably the greatest challenge raised by
the use of array-CGH as a routine diagnostic tool. In our patient no.
10, the absence of family samples hindered our ability to interpret the
360-kb deletion at 20p12.1 in exon 6 and intron 6 ofMACROD2. This
deletion is not registered among the non-pathogenic CNVs in the
DGV database. The function of MACROD2 (previously c20orf133) is
unknown. Genome-wide association studies found significant associa-
tions of MACROD2 single-nucleotide polymorphisms with autistic
spectrum disorder,33 brain infarction,34 and brain volume in multiple
sclerosis.35 The 360-kb deletion is located close to a hotspot of de novo
and inherited CNVs with variable and non-recurrent break points,
involving exon 5 and/or intron 5 ofMACROD2. CNVs of this hotspot
were found in control individuals in the DGV database and in
individuals with schizophrenia,36 holoprosencephaly,37 and Kabuki
syndrome,38,39 suggesting limited or absent clinical relevance.40 The
phenotype in patient no. 10 does not resemble Kabuki syndrome.
These facts argue against a role for MACROD2 in ODAs.
The clinical relevance of the 11p15 microduplication detected in
patient no. 9 is uncertain. This 180-kb duplication partially encom-
passes two genes, SYT9 (OMIM 613528) and OLFML1. Confirmation
using qPCR cannot distinguish a tandem/inverted duplication from
an insertion at a distance. The SYT9 gene is specifically expressed in
the mouse brain and may have a role in calcium-sensitive synaptic
neurotransmitter release,41 but neither SYT9 nor OLFLM1 is known to
be associated with clinical disease. The 11p15 duplication was also
found in a cousin of patient no. 9 who has a different ODA. Micro-
anophthalmia, optic nerve hypoplasia, and hypopituitarism belong to
the growing spectrum of anomalies known to occur in septo-optic
dysplasia.17 The pattern of family segregation is consistent with an
autosomal dominant defect with incomplete penetrance and variable
expression. In the absence of similar cases, we can suggest, but not
confirm, that this variant is pathogenic.
In our study, two-thirds of the patients were males, in keeping with
the known male predominance among patients with ODA (and
intellectual disability). No pathogenic CNVs were found in the X
chromosome in our study or in earlier work. Therefore, the male
preponderance can probably not be ascribed to genomic rearrange-
ments involving developmental genes on the X chromosome. How-
ever, we cannot rule out inadequate distribution of oligonucleotide
probes on the X chromosome.
In conclusion, our results emphasise the benefits of whole-genome
array-CGH for the diagnosis of ODA syndromes. Detecting the genetic
defect has important consequences for genetic counselling of the
families and follow-up of the patients. Detailed molecular analysis
of the rearranged regions may help to identify the genes involved in
ocular development.
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RESUME
Anophthalmia and Microphthalmia (AM) are the most severe malformations of the eye. We analyzed 
the frequency with which known AM genes were implicated and detailed phenotypes associated with 
each gene in a large cohort of 150 patients.  
Genetic causes are thought to account for most cases of AM but a genetic cause can be identified
only in about 25% of patients. In order to find new AM genes we used direct candidate gene 
sequencing, array-CGH, transcriptomic analyses, ChIP and high throughput sequencing. We succeed 
identifying the second major AM gene, PTCH1, and participate to identification of other novel genes 
causing isolated and syndromic AM. 
The finding that PTCH1 mutations are found in numerous patients paves the way to new hypotheses 
concerning the pathophysiology of all ocular developmental defects. This information is important to 
following up patients and providing them with genetic counselling. 
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RESUME
Les anophtalmies et microphtalmies (AM) sont les plus sévères malformations de l’œil. Nous avons 
étudié la fréquence des mutations des principaux gènes d’AM dans une grande cohorte de 150 
patients et défini la variabilité phénotypique associée à ces mutations. Bien que l’origine génétique 
soit prépondérante, une anomalie moléculaire causale ne peut être identifiée que chez environ 25 % 
des patients. 
Pour identifier de nouveaux gènes responsables d’AM, différentes approches ont été utilisées: gènes 
candidats, CGH-array, analyse du transcriptome, ChIP, et séquençage haut débit. Nous avons ainsi 
pu identifier un nouveau gène majeur du développement oculaire, PTCH1, et participer à 
l’identification d’autres gènes d’AM isolées ou syndromiques.  
L’implication du gène PTCH1 introduit de nouvelles hypothèses physiopathologiques pour l’ensemble 
des malformations oculaires congénitales. Ces données sont importantes pour la prise en charge des 
patients et de leurs familles. 
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